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HIGHLIGHTS 


•  Sn02— Fe203@C  nanocomposite  is  synthesized  by  a  two-step  approach. 

•  In  situ  polymerization  of  PANI  prevents  particle  growth  in  the  synthesis. 

•  Carbonization  of  PANI  guarantees  full  carbon  coating  of  Sn02-Fe203. 

•  Sn02-Fe203@C  achieves  fully  reversible  reaction  and  alloy  reaction  of  Sn02. 

•  Sn02-Fe203@C  shows  superior  electrochemical  properties. 
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We  report  a  two-step  approach  to  synthesize  Sn02-Fe203@C  nanocomposite  as  a  good  candidate  for 
high-performance  lithium-ion  batteries  (LIBs)  anodes.  In  this  route,  the  Sn02-Fe203@polyaniline  is  first 
prepared  with  in  situ  polymerization  in  sol,  followed  by  a  carbonized  transformation  process.  The  growth 
of  metal  oxides  particles  is  firstly  suppressed  by  the  polyaniline  (PANI)  on  their  outer  surface  in  the  in- 
situ  polymerization  route  and  secondly  restricted  by  fully  coating  of  carbon  shell  in  thermal  treatment, 
which  forms  by  in  situ  carbonization  of  the  polymer.  Due  to  the  unique  structure  and  a  so-called  syn¬ 
ergistic  effect  between  SnC>2  and  Fe203,  an  excellent  capacity  over  1000  mAh  g-1  is  maintained  after  380 
cycles  at  current  density  of  400  mA  g-1.  The  key  insight  is  that  the  composite  anode  presented  here 
achieves  fully  reversible  Li  insertion/extraction  reaction  and  maintains  high  capacity  for  a  long  cycling 
life  at  high  current  density,  and  is  realized  as  promising  high-performance  LIBs  anode  materials. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  lithium-ion  batteries  (LIBs)  have  been  the  most 
widely  used  power  source  for  portable  electronic  devices  and 
viewed  as  the  promising  source  supply  of  electrical/hybrid  vehicles, 
due  to  their  high  energy  density,  fast  charge/discharge  rate,  and 
durable  cycling  stability  [1].  Recently,  to  meet  the  increasing  de¬ 
mands  for  high-performance  LIBs,  electrochemically  active  transi¬ 
tion  metal  oxides  such  as  SnCh,  Fe304,  Fe203,  Ti02,  CuO,  and  C03O4 
have  been  exploited  as  promising  anode  materials  for  their  high 
theoretical  capacity  and  natural  abundance  [2-9].  For  instance, 
Sn02  offers  attractive  features  as  LIBs  anode  for  its  high  theoretical 
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capacity  (790  mAh  g_1),  abundance,  low  cost,  chemical  stability, 
and  environmental  friendliness.  However,  the  commercialization  of 
Sn02  electrode  is  hampered  by  two  major  issues:  (1)  the  huge 
volume  changes  associated  with  Li  insertion/extraction  process 
result  in  electrode  pulverization  problem,  causing  the  quick  ca¬ 
pacity  fading,  (2)  its  poor  ionic  and  electronic  conductivities  lead  to 
slow  charge/discharge  rates  [10-14].  Over  the  past  few  years,  many 
efforts  have  been  made  to  mitigate  these  obstacles,  such  as  the 
controlled  synthesis  of  nanosized  Sn02  with  specific  size,  shape  and 
structure  [10,15,16].  The  other  technique  is  to  design  composites  of 
Sn02  and  carbon  materials,  including  graphene,  carbon  nanotubes, 
and  conductive  carbon  deriving  from  thermal  decomposition  of 
carbon-containing  precursors  [7,17-20].  It  is  suggested  that  carbon 
coating  not  only  increases  the  electronic  conduction  of  the  elec¬ 
trode  material  but  also  serves  as  a  buffer  to  prevent  the  structure 
collapse  induced  by  the  large  volume  change. 
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Recently,  a  so-called  synergistic  effect  has  been  proposed  to 
increase  the  capacity  and  stability  of  Sn02  [21  ].  The  remaining  free 
spaces  between  neighboring  hybrid  nanostructures,  which  are 
composed  of  active/synergetic  materials,  will  increase  the  capa¬ 
bility  of  electrolyte  maintaining  and  serve  as  structure  stabilizers, 
thus  leading  to  substantial  improvement  of  Li  storage.  Thus,  a 
number  of  metal  oxides  such  as  Ru02,  In2C>3,  NiO,  Fe203,  and  Fe304 
have  been  employed  to  prepare  Sn02-based  composites  to  improve 
the  electrochemical  performance  [22-25]. 

Inspired  by  recent  works,  for  the  first  time,  we  report  the  in  situ 
polymerization  sol-gel  route  combined  with  thermal  decomposi¬ 
tion  conversion  process  for  the  synthesis  of  Sn02-Fe203@C.  Here, 
Fe203  is  chosen  as  the  synergetic  anode  materials  due  to  its 
abundance,  relatively  good  electronic  conduction,  high  theoretical 
specific  capacity,  and  environmental  benignity  [26-28].  Further¬ 
more,  the  Sn02-Fe203  hybrid  nanostructures  are  well  coated  with 
conductive  carbon  shell.  All  the  efforts  mentioned  above  insure  that 
the  as-synthesized  Sn02-Fe203@C  nanocomposite  displays  signif¬ 
icantly  enhanced  kinetics  and  improved  cycling  stability  as  LIBs 
anode. 

2.  Experimental 

2.1.  Sample  preparation 

All  regents  are  of  analytical  grade  and  used  as  purchased 
without  further  purification.  The  Sn02-Fe203@C  nanocomposites 
are  prepared  via  a  simple  pre-coating  process  in  which  the 
Sn02-Fe203  sol  is  first  coated  with  a  conductive  polyaniline 
(PANI)  layer  by  in  situ  polymerization  of  aniline,  followed  by 
heating  at  high  temperature  in  air,  as  shown  in  Scheme  1.  Briefly, 
0.01  mol  FeCl3-6H20,  0.03  mol  SnCl4-5H20  and  0.04  mol  citric 
acid  are  dissolved  in  100  ml  deionized  water.  The  mixed  solution 
reacts  for  6  h  at  75  °C.  After  the  resultant  yellow  sol  is  cooled  to 
3  °C,  2.0  ml  aniline  is  added  into  the  sol  in  15  min  under  mag¬ 
netic  stirring.  After  3  h,  the  resultant  green  gel  is  aged  in  air 
for  12  h  at  room  temperature.  Finally,  the  samples  are  sintered 
at  400  °C  for  3  h  in  air  to  carbonize  the  PANI  precursors  and 
in  situ  generate  metal  oxide  nanocrystallites.  The  bare  Sn02- 
Fe203  composites  are  prepared  following  the  same  route  for 
comparison. 

2.2.  Materials  characterization 

The  samples  are  characterized  with  X-ray  powder  diffraction 
(XRD)  by  a  Philips  X'-pert  X-ray  diffractometer  with  Cu  Ka  radiation 
(A  =  0.154056  nm).  Scanning  electron  microscope  (SEM)  is  obtained 
with  a  JEOLJSM-7500F  scanning  electron  microscope.  Transmission 
electron  microscope  (TEM)  analysis  is  performed  using  a  JEOL,  JEM- 
2100.  Fourier  transform  infrared  (FTIR)  spectra  are  recorded  using 
an  FTIR  analyzer  (Nicolet  Magna-IR750).  The  thermogravimetric 
analysis  (TGA)  is  measured  by  a  TG2091 F  from  room  temperature  to 
800  °C  at  a  heating  rate  of  10  °C  min-1  in  air. 


Aniline-* 


Scheme  1.  In  situ  polymerization  of  Sn02-Fe203@PANI  and  their  conversion  to  Sn02- 
Fe203@C. 


2.3.  Electrochemical  measurements 

The  electrochemical  tests  are  carried  out  with  a  CR201 6-type 
coin  cell.  Metallic  lithium  sheet  is  used  as  the  negative  electrode. 
The  working  electrode  is  fabricated  by  compressing  a  mixture  of 
active  materials  (Sn02-Fe203@C  and  Sn02-Fe203),  conductive 
material  (acetylene  black)  and  binder  polyvinylidene  fluoride 
(PVDF)  in  a  weight  ratio  of  8:1:1  onto  a  copper  foil  at  10  Mpa.  The 
typical  mass  load  of  active  material  is  about  1-2  mg  cm-2.  The 
electrode  is  dried  at  120  °C  for  12  h  in  vacuum  oven  and  the  cell 
assembly  is  operated  in  a  glove  box  filled  with  pure  argon.  The 
Clegard  2300  microporous  film  is  used  as  separator.  The  electrolyte 
solution  is  1  M  LiPF6  dissolved  in  a  mixture  of  ethylene  carbonate 
(EC)/dimethyl  carbonate  (DMC)/ethyl  methyl  carbonate  (EMC) 
(1:1:1  in  volume)  (Zhangjiagang,  China).  Charge— discharge  ex¬ 
periments  are  performed  between  3  and  0.01  V  on  a  LAND  CT2001 A 
Battery  Cycler  (Wuhan  China). 

3.  Results  and  discussion 

3.1.  Formation  of  Sn02~Fe203@C  nanocomposite 

The  overall  synthetic  strategy  of  Sn02-Fe203@C  is  illustrated  in 
Scheme  1.  First,  Sn02-Fe203  sol  is  prepared  through  the  hydrolysis 
of  corresponding  metal  salts  in  a  citric  acid  solution.  When  aniline 
is  added  to  the  sol,  Fe3+  ions  on  the  outer  surface  of  Sn02-Fe203 
colloidal  particles  lead  to  the  oxidation  polymerization  of  aniline. 
This  process  plays  a  key  role  in  the  formation  of  unique  Sn02- 
Fe203@C  structure,  which  effectively  enhances  its  electrochemical 
performance.  In  this  step,  the  Sn02-Fe203  colloidal  particles  are 
completely  coated  with  PANI  and  their  aggregation  is  restricted  by 
the  outer  PANI  shell,  resulting  in  nanosized  particles.  So  PANI  here 
serves  as  carbon-containing  precursor  and  restriction  of  the  parti¬ 
cle  growth.  Finally,  thermal  treatment  of  the  obtained  products  at 
400  °C  in  air  leads  to  the  carbon-coated  Sn02-Fe203  nano¬ 
composite.  During  this  process,  the  carbon  shell  carbonized  from 
the  polymer  shell  restricts  the  in  situ  crystallite  growth  of  Sn02- 
Fe203,  which  occurs  frequently  in  thermal  treatment  at  high  tem¬ 
perature.  By  this  means,  the  nanoparticles  are  evenly  coated  with 
conductive  carbon  shell.  The  introduction  of  carbon  layer  can 
enhance  the  electronic  conductivity  of  the  nanocomposite  and 
facilitate  enhanced  Li+  transport  kinetics.  In  addition,  carbon  layer 
may  act  as  the  buffer  for  the  huge  volume  changes  in  Li  insertion / 
extraction  process. 

3.2.  Characterization  of  materials 

The  powder  XRD  patterns  are  obtained  to  confirm  the  compo¬ 
sition  of  the  as-prepared  Sn02-Fe203@C  composite  and  are  shown 
in  Fig.  la.  The  peak  located  at  2d  =  18°can  be  attributed  to  the 
characteristic  periodicity  perpendicular  to  the  polymer  chain  of 
PANI  [29],  suggesting  the  residual  PANI  after  the  calcination.  The 
other  intensive  peaks  can  be  well  indexed  to  tetragonal  Sn02 
(JCPDS  card  no.  41-1445)  and  rhombohedral  Fe203  (JCPDS  card  no. 
33-0664),  respectively.  The  results  indicate  that  Sn02-Fe203@C 
composite  could  be  constructed  through  this  in-situ  polymeriza¬ 
tion  route  followed  by  heat  treatment  process. 

The  FTIR  spectra  of  Sn02-Fe203@PANI  (curve  A)  and  Sn02- 
Fe203@C  (curve  B)  are  shown  in  Fig.  lb.  In  curve  A,  the  peaks  at  617 
and  471  cm-1  corresponding  to  the  M— O— M  (M  =  Fe,  Sn)  vibra¬ 
tions  are  observed  at  low  wavenumber  region  [11,30,31  .  In  curve  A, 
the  characteristic  peaks  at  1624  cm-1  and  1405  cm-1  correspond  to 
C=N  stretching,  the  characteristic  peak  at  1497  cm-1  corresponds 
to  a  benzenoid  C=C,  the  peak  at  1301  cm-1  attributes  to  the 
stretching  vibration  of  C-N,  and  the  characteristic  peak  at  around 
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Fig.  1.  (a)  XRD  patterns  of  as-prepared  Sn02-Fe203@C  composite,  (b)  FTIR  spectra  of 
(A)  Sn02-Fe203@PANI  and  (B)  Sn02-Fe203@C  composite. 


1113  cm-1  assigns  to  N  =  Q=  N  stretching  of  polyamine  [32,33]. 
This  result  ascertains  the  presence  of  PANI  in  the  as-prepared 
Sn02— Fe203@PANI  composite.  Curve  B  displays  the  prominent 
peaks  at  538  and  462  cm-1,  which  assigns  to  Fe203-Sn02.  More 
interestingly,  the  characteristic  peaks  at  1636  cm-1  and  1401  cm-1 
corresponding  to  C=N  stretching  are  also  observed,  indicating  that 
there  is  residual  N  in  the  Sn02-Fe203@C  composite. 

The  SEM  image  in  Fig.  2a  demonstrates  the  agglomerate  struc¬ 
ture  of  Sn02-Fe203@PANI  composite,  in  which  a  large  number  of 
metal  oxides  particles  are  connected  together  with  PANI.  Fig.  2b 
shows  a  selected  SEM  image  of  Sn02-Fe203@PANI  agglomerate, 
demonstrating  that  the  particles  are  coated  and  connected  with 
polymer.  Fig.  2c  shows  the  SEM  image  of  Sn02— Fe203@C  compos¬ 
ite,  which  demonstrates  its  agglomerate  structure.  There  is  no 
obvious  difference  between  the  typical  particle  sizes  of  Sn02- 
Fe203@C  and  Sn02-Fe203@PANI  composite,  indicating  the  restric¬ 
tion  effect  of  the  carbon  layer  on  the  particle  growth.  As  shown  in 
the  TEM  image  of  Sn02-Fe203@C  composites  (Fig.  2d),  the  particles 
are  coated  with  carbon  and  the  carbon  layer  is  distributed  in  the 
interstitial  particle/boundary  region  to  prevent  the  agglomeration 
of  particles.  The  selected  TEM  image  in  Fig.  2e  shows  more  clearly 
that  all  the  metal  oxide  crystallites  are  coated  with  carbon  layer 
(labeled  by  white  arrows),  indicating  a  metal  oxides/carbon  core¬ 
shell  structure  of  Sn02-Fe203@C  composites.  And  the  metal  oxide 
particles  are  connected  together  with  the  carbon  shell  (labeled  by 


black  arrows),  ensuring  electrical  continuity  around  the  particles. 
Such  specific  Sn02-Fe203@C  structures  composed  of  nanosized 
particles  coated  with  conductive  carbon  shell  will  facilitate  the 
electrolyte  diffusion,  shorten  the  path  length  of  electronic  and 
lithium  transport,  increase  the  electronic  conductivity  around  the 
composite,  and  buffer  the  volume  expansion  during  Li+  insertion / 
extraction  process,  resulting  in  enhanced  electrochemical  proper¬ 
ties.  The  carbon  content  of  Sn02-Fe203@C  composite  is  measured 
with  TGA.  As  shown  in  Fig.  2f,  the  TGA  curve  shows  weight  loss  of 
10.7%  from  250  to  700  °C,  which  should  be  attributed  to  the 
oxidation  of  carbon  derived  from  carbonization  of  PANI  and  re¬ 
sidual  PANI. 

3.3.  Electrochemical  properties 

The  as-synthesized  Sn02-Fe203@C  nanocomposite  and  bare 
Sn02-Fe203  nanoparticles  are  employed  as  anode  materials  to 
assemble  laboratory  lithium-ion  cells.  Fig.  3a  shows  the  typical 
galvanostatic  charge  and  discharge  profiles  in  their  1st  cycle  at 
current  density  of  200  mA  g-1.  The  Sn02-Fe203@C  nanocomposite 
anode  delivers  higher  initial  discharge  capacity  and  charge  capacity 
of  2506  and  1606  mAh  g-1  than  that  of  1175  and  621  mAh  g-1  for 
Sn02-Fe203  nanoparticles.  The  composite  also  shows  better  initial 
Coulombic  efficiency  of  64%  than  that  of  53%  for  Sn02-Fe203, 
which  should  be  attributed  to  the  carbon  coating.  There  are  large 
capacity  losses  between  the  discharge  and  charge  for  both  anodes 
in  their  first  cycle,  which  should  be  assigned  to  the  formation  of 
Li20  and  solid-electrolyte  interface  (SEI)  layer  during  the  first 
discharge  cycle  [34]. 

As  mentioned  in  ref.  11,  the  bare  Sn02  suffers  from  drastic  ca¬ 
pacity  fading  with  a  low  capacity  of  152  mAh  g-1  remaining  after  20 
cycles  at  a  current  density  of  50  mA  g-1.  In  this  paper,  Fe203,  which 
is  employed  as  a  synergetic  anode  material,  serves  as  volume 
spacers  between  neighboring  Sn02  to  facilitate  electrolyte  pene¬ 
tration,  buffer  the  volume  changes,  and  reduce  the  aggregation 
during  Li+  intercalation,  leading  to  improved  electrochemical  en¬ 
ergy  storage  performance  slightly.  As  shown  in  Fig.  3b,  the  Sn02- 
Fe203  delivers  a  higher  charge  capacity  of  384  mAh  g-1  after  20 
cycles  at  a  higher  current  density  of  200  mA  g-1  in  comparison  with 
results  in  ref.  11.  Flowever,  the  capacity  of  Sn02— Fe203  nano¬ 
particles  gradually  decreases  and  only  remains  167  mAh  g-1  (25.7% 
retention  of  their  second  capacities)  after  150  cycles,  which  should 
be  attributed  to  the  inevitable  pulverization  of  Sn02-Fe203  nano¬ 
particles.  In  contrast  with  it,  Sn02-Fe203@C  nanocomposite  shows 
amazing  enhanced  cycling  performance.  After  150  successive  cy¬ 
cles,  the  discharge  capacity  of  1462  mAh  g-1  (89.2%  retention  of 
their  second  capacities)  is  observed  for  Sn02-Fe203@C,  which  is 
better  than  most  of  the  Sn02  based  composites  reported.  Moreover, 
the  Coulombic  efficiency  of  Sn02-Fe203@C  anode  increases  to  98% 
after  twelve  cycles.  Especially  from  the  88th  cycle,  the  SnC^- 
Fe203@C  anode  keeps  the  Coulombic  efficiency  higher  than  99%, 
demonstrating  an  excellent  reversible  Li  insertion/extraction 
performance. 

There  is  also  an  interesting  phenomenon  shown  in  Fig.  3b.  The 
reversible  capacity  of  Sn02-Fe203@C  anode  decreases  slightly  in  its 
initial  70  cycles  and  reaches  965  mAh  g-1,  and  then  increases 
significantly  and  exceeds  1400  mAh  g  1  after  140  cycles.  It  is  similar 
to  the  results  reported  for  Sn02 /C  composites  and  EesO^C  com¬ 
posites  [35,36].  The  capacity  decrease  of  the  Sn02-Fe203@C  com¬ 
posites  in  the  first  70  cycles  should  be  attributed  to  the 
pulverization  of  original  aggregation  of  Sn02-Fe203  composites 
during  the  Li  insertion/extraction  process,  which  leads  to  loss  of 
electrical  connectivity  between  neighboring  composite  particles. 
During  the  discharge/charge  cycles,  particle  sizes  of  the  composite 
become  smaller  and  smaller  due  to  electrochemical  milling  effect 
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Fig.  2.  (a,  b)  SEM  images  of  Sn02-Fe203@PANI.  (c)  SEM  and  (d,  e)  TEM  images  of  Sn02-Fe203@C.  (f)  TGA  curve  of  Sn02-Fe203@C  composite. 


and  it  attaches  to  the  carbon  shell  more  tightly.  It  is  believed  that 
the  decrease  of  the  particle  size  will  facilitate  the  reversible  reac¬ 
tion  of  the  electrode.  And  the  tight  contact  between  the  composite 
particles  and  the  carbon  shell  can  further  enhance  their  electro¬ 
chemical  performance.  So  the  reversible  capacity  of  Sn02-Fe203@C 
composites  shows  an  obvious  increase  after  70  cycles. 

As  we  all  know,  the  theoretical  capacity  of Fe203  (1000  mAh  g-1) 
is  calculated  based  on  the  following  conversion  mechanism: 

Fe203  +  6Li+  +  6e“  =  2Fe  +  3Li20  (1) 

When  Sn02  is  used  as  anode  material  for  LIBs,  there  are  two 
processes  composed  of  conversion  and  alloy  mechanisms,  which 
could  be  described  as  follows: 

Sn02  +  4Li+  +  4e“  =  Sn  +  2Li20  (2) 

Sn  +  xLi+  +  xe“  =  Li*Sn(0  <  x  <  4.4)  (3) 

Normally,  the  theoretical  capacity  of  790  mAh  g-1  for  Sn02  is 
calculated  based  on  the  highly  reversible  alloy  reaction  of  eq.  (3).  As 
for  conversion  reaction  of  eq.  (2),  it  is  usually  thought  to  be  elec- 
trochemically  irreversible  and  has  no  contribution  to  the  reversible 
capacity.  Based  on  the  reaction  mechanisms  mentioned  above,  the 
theoretical  capacity  of  Sn02-Fe203  is  calculated  to  be  820  mAh  g_1 


(estimated  on  the  mole  ratio  of  Sn02:Fe203  =  6:1).  It  is  worth 
noting  that  the  discharge  capacity  of  Sn02-Fe203@C  anode  is  much 
higher  than  its  theoretical  capacity.  Recently,  Zhao  and  co-workers 
have  proved  the  fully  reversible  conversion  reaction  of  eq.  (2)  [37]. 
Thus  the  theoretical  capacity  of  Sn02  can  be  extended  from 
790  mAh  g-1  to  1490  mAh  g_1,  and  the  relevant  theoretical  capacity 
of  Sn02-Fe203  will  be  extended  to  1420  mAh  g-1.  In  our  examined 
data,  the  capacities  are  close  to  the  expected  theoretical  capacity.  So 
it  can  be  predicated  that  the  Sn02-Fe203@C  composite  demon¬ 
strates  the  completely  reversible  conversion  and  alloy  reaction  of 
Sn02.  And  the  overall  electrochemical  reaction  of  Sn02  in  Sn02— 
Fe203@C  should  be  described  as 

Sn02  +  8.4Li+  +  8.4e_  =  Li4  4Sn  +  2Li20  (4) 

The  cyclic  capacities  of  Sn02-Fe203@C  nanocomposite  observed 
at  current  density  of  100  and  400  mA  g_1  further  confirm  the 
reversible  conversion  reaction  of  eq  (2).  As  is  shown  in  Fig.  3c,  all 
the  discharge  capacities  of  Sn02-Fe203@C  anode  observed  at 
100  mA  g-1  are  higher  than  1300  mAh  g-1,  which  demonstrates  the 
fully  reversible  conversion  and  alloy  reaction  of  Sn02.  When  the 
current  density  is  increased  to  400  mA  g-1,  the  discharge  capacities 
of  initial  three  cycles  are  1412, 1049  and  977  mAh  g-1,  respectively. 
Through  a  similar  process,  the  capacity  of  Sn02-Fe203@C  com¬ 
posite  firstly  declines  then  rises  to  1000  mAh  g-1  after  346th  cycles 
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Fig.  3.  (a)  The  first  galvanostatic  charge-discharge  curve  and  (b)  cyclic  performances  of  Sn02-Fe203  and  Sn02-Fe203@C  at  current  density  of  200  mA  g-1.  (c)  Cyclic  performance  of 
Sn02-Fe203@C  at  current  density  of  100  mA  g_1  and  400  mA  g_1.  (d)  The  130th  galvanostatic  charge  curve  of  Sn02-Fe203  at  200  mA  g_1  (A);  the  130th  galvanostatic  charge  curve 
of  Sn02-Fe203@C  at  400  mA  g_1  (B);  the  346th  galvanostatic  charge  curve  of  Sn02-Fe203@C  at  400  mA  g_1  (C);  the  130th  galvanostatic  charge  curve  of  Sn02-Fe203@C  at 
200  mA  g"1  (D). 


and  keeps  upon  1000  mAh  g_1  over  380  cycles,  indicating  that 
Sn02— Fe203@C  delivers  partly  reversible  conversion  reaction  of  eq 
(2)  even  at  higher  current  density.  To  date,  such  ultra-high 
reversible  capacity  with  long  cycling  life  is  barely  observed  for 
the  Sn02  based  composite  and  makes  the  Sn02-Fe203@C  com¬ 
posite  access  to  the  practical  application. 

The  galvanostatic  charge  profile  provides  us  a  clue  to  reveal 
the  route  of  its  excellent  electrochemical  properties.  According  to 
the  reports  [23,27,36-38],  de-alloying  reaction  of  eq.  (3)  only 
occurs  below  1.0  V  (vs.  Li/Li+),  the  conversion  reaction  of  Sn  to 
SnC>2  (eq.  (2):  Sn  +  2Li20  =  Sn02  +  4Li+  +  4e_)  occurs  at  around 
1.3  V,  and  the  conversion  reaction  of  Fe  to  Fe203  occurs  at  about 
1.8  V  during  the  lithium  charge  process.  As  shown  in  Fig.  3a,  the 
charge  potential  plateau  of  Sn02-Fe203  composite  at  1.3  V  can  be 
ignored,  indicating  that  the  conversion  of  eq.  (2)  is  not  reversible 
for  Sn02-Fe203  anode.  Bur  for  Sn02-Fe203@C  composite,  an 
obvious  plateau  at  around  1.3  V  (indexed  by  ellipse)  can  be 
observed,  indicating  the  reversible  conversion  reaction  of  eq.  (2) 
for  Sn02-Fe203@C  anode.  The  galvanostatic  charge  profiles 
shown  in  Fig.  3d  further  confirm  the  reversible  conversion  reac¬ 
tion  in  eq  (2).  It  can  be  clearly  seen  that  there  is  no  potential 
plateau  at  1.3  V  observed  for  Sn02-Fe203  electrode  (curve  A).  In 
contrast  with  it,  all  the  profiles  of  Sn02-Fe203@C  anode  show  a 
long  plateau  at  around  1.3  V  (indexed  by  ellipse),  confirming  the 
reversible  conversion  of  Sn02-Fe203@C  composite.  Taking  curve 
B  as  an  example,  although  its  capacity  of  683  mAh  g-1  is  lower 
than  the  theoretical  capacity  of  the  composite  (820  mAh  g-1),  the 
130th  charge  curve  of  Sn02-Fe203@C  anode  at  current  density  of 
400  mA  g-1  also  delivers  the  reversible  conversion  plateau  at 
1.3  V.  In  the  346th  cycle  (curve  C),  the  plateau  at  1.3  V  is  longer 
than  that  in  curve  B,  suggesting  that  the  electrochemical  perfor¬ 
mance  increases  due  to  reduced  particle  sizes  of  the  composite 
and  the  closer  contact  between  composite  and  carbon  shell  with 
increasing  cycle  numbers.  This  result  indicates  that  the  specific 
bimetal  oxides-carbon  core— shell  structure  synthesized  with  the 
in  situ  polymerization  and  carbonization  process  can  facilitate  the 


reversible  conversion  of  Sn  to  Sn02,  resulting  in  ultra-high 
reversible  capacity  and  stable  cycleability. 

Another  surprising  enhancement  of  the  Sn02-Fe203@C  anode  is 
their  remarkable  rate  performance.  Fig.  4  presents  the  rate  capa¬ 
bilities  of  Sn02-Fe203@C  at  variable  current  rates  between  100  and 
1600  mA  g_1.  The  discharge  capacities  of  Sn02-Fe203@C  anode  are 
as  high  as  about  1727,  1290,  1051  and  835  mAh  g-1  at  current 
density  of  100,  200,  400  and  800  mA  g-1,  respectively.  Even  at  the 
high  specific  current  of  1600  mA  g-1,  the  Sn02-Fe203@C  nano¬ 
composite  still  exhibits  high  reversible  capacities  of  611  mAh  g-1, 
which  is  apparently  higher  than  the  theoretical  capacity  of  com¬ 
mercial  graphite  anode  (372  mAh  g-1).  When  the  current  density 
returns  to  the  initial  100  mA  g-1,  the  composite  anode  recovers  the 
specific  capacity  of  more  than  1400  mAh  g-1,  reperforming  the 
completely  reversible  conversion  and  alloy  reaction  of  Sn02. 
Moreover,  there  is  no  noticeable  capacity  fade  even  after  another  45 
cycles,  proving  good  stability  of  the  composite.  In  comparison  with 
the  recently  reported  Sn02  based  composite  [11,19,37-39],  the 
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Fig.  4.  Rate  performance  of  Sn02-Fe203@C  at  various  current  densities. 
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Sn02-Fe203@C  nanocomposite  shows  better  cyclic  performance 
and  rate  capability.  To  the  best  of  our  knowledge,  the  S11O2- 
Fe203@C  nanocomposite  presented  here,  which  shows  outstanding 
high  capacity  induced  by  the  fully  reversible  conversion  and  alloy 
reaction  of  Sn02,  enhanced  cycling  retention  (above  1000  mAh  g-1 
at  400  mA  g_1  after  380  cycles),  and  excellent  rate  performance 
(611  mAh  g_1  at  1600  mA  g-1),  is  one  of  the  best  Sn02  based 
composite  ever  reported. 

4.  Conclusions 

A  facile  strategy  is  presented  for  the  preparation  of  carbon 
coated  nanosized  Sn02-Fe203  composite,  which  seems  to  be  easy 
to  scale  up  in  industrial  production.  The  in  situ  polymerization  of 
PANI  not  only  prevents  the  agglomerate  and  particle  growth  in  sol- 
gel  and  thermal  treatment  processes,  but  also  guarantees  the  full 
carbon  coating  and  good  conductive  contact  property  between 
Sn02-Fe203  and  carbon  shell.  The  unique  structure  of  S11O2- 
Fe203@C  nanocomposite  effectively  improves  its  electrochemical 
properties,  achieving  the  fully  reversible  reaction  and  alloy  reaction 
of  Sn02.  The  composites  reported  herein,  which  deliver  excellent 
cycling  capacity  and  rate  performance,  will  be  a  promising  candi¬ 
date  as  anode  materials  for  LIBs. 
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